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PCardiac Ultrasound
low-Dependent Changes in
oppler-Derived Aortic Valve Effective
rifice Area Are Real and Not Due to Artifact
yes Kadem, PHD, ENG,*† Régis Rieu, PHD,* Jean G. Dumesnil, MD,‡ Louis-Gilles Durand, PHD, ENG,†
hilippe Pibarot, DVM, PHD*
arseille, France; and Quebec, Canada
OBJECTIVES We sought to determine whether the flow-dependent changes in Doppler-derived valve
effective orifice area (EOA) are real or due to artifact.
BACKGROUND It has frequently been reported that the EOA may vary with transvalvular flow in patients
with aortic stenosis. However, the explanation of the flow dependence of EOA remains
controversial and some studies have suggested that the EOA estimated by Doppler-
echocardiography (EOADop) may underestimate the actual EOA at low flow rates.
METHODS One bioprosthetic valve and three rigid orifices were tested in a mock flow circulation model
over a wide range of flow rates. The EOADop was compared with reference values obtained
using particle image velocimetry (EOAPIV).
RESULTS There was excellent agreement between EOADop and EOAPIV (r
2  0.94). For rigid orifices
of 0.5 and 1.0 cm2, no significant change in the EOA was observed with increasing flow rate.
However, substantial increases of both EOADop and EOAPIV were observed when stroke
volume increased from 20 to 70 ml both in the 1.5 cm2 rigid orifice (52% for EOADop and
54% for EOAPIV) and the bioprosthetic valve (62% for EOADop and 63% for
EOAPIV); such changes are explained either by the presence of unsteady effects at low flow
rates and/or by an increase in valve leaflet opening.
CONCLUSIONS The flow-dependent changes in EOADop are not artifacts but represent real changes in EOA
attributable either to unsteady effects at low flow rates and/or to changes in valve leaflet
opening. Such changes in EOADop can be relied on for clinical judgment making. (J Am
ublished by Elsevier Inc. doi:10.1016/j.jacc.2005.05.100Coll Cardiol 2006;47:131–7) © 2006 by the American College of Cardiology Foundation
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mlthough patients with severe aortic stenosis (AS) and
everely reduced left ventricular (LV) ejection fraction
epresent approximately 5% of AS patients, they also rep-
esent the most challenging subset. In the setting of a low
jection fraction, the force applied against the valve leaflets
See page 138
ay indeed not be high enough to completely open the
ortic valve, and the valve effective orifice area (EOA)
easured by Doppler-echocardiography or cardiac catheter-
zation may therefore overestimate the AS severity. It is thus
ifficult to separate patients with true anatomically severe
S and concomitant LV systolic dysfunction from those
ith pseudo-severe AS, i.e., reduced valve opening caused
y poor LV function in the setting of incidental mild to
oderate valve obstruction (1,2).
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ccepted May 18, 2005.The evaluation of the changes in valve EOA during a
radual infusion of a low dose of dobutamine may be helpful
n differentiating truly severe from pseudo-severe AS (1,3–
). However, previous studies have suggested that the EOA
stimated by Doppler echocardiography with the use of the
ontinuity equation may underestimate the actual EOA at
ow flow rates and that a change in the velocity profile
ithin the vena contracta may be the cause for this under-
stimation (6–8). It is therefore uncertain whether the flow
ependence of the Doppler-derived EOA that is often
eported in patients with AS undergoing dobutamine stress
chocardiography is attributable to an actual change in the
natomic orifice area and/or to artifacts related to limita-
ions inherent to the continuity equation in the context of
ow flow rates.
The objectives of this study were thus to determine
hether Doppler-derived EOAs are accurate estimates of
he actual EOA as well as to examine the conditions by
hich flow-dependent changes in EOA may actually occur.
ETHODS
xperimental model. One bioprosthetic valve and three
igid stenotic orifices were tested in a mock flow circulation
odel under a wide spectrum of flow rates ranging from the
ery low output state as observed in patients with severe LV
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Flow Dependence of Effective Orifice Area in Aortic Stenosis January 3, 2006:131–7ysfunction to normal resting outputs. The model used for
his study has been described in detail in our previous
ublications (9,10). Briefly, it is an anatomically shaped
ilicone-made model of the left heart cavities and aorta. The
entricle is activated by a pump driven by a computer. The
irculatory fluid is a mixture of water (60%) and glycerol
40%) (viscosity, 4 centipoise).
oppler echocardiographic measurements. Doppler
chocardiographic measurements were performed using an
TL Ultramark 9 with a probe of 2.25 MHz. The probe was
pplied at the surface of the aorta and oriented to obtain
ptimal alignment of Doppler beam and flow across the
tenosis. The transvalvular flow velocity was measured by
ontinuous-wave Doppler. The measurement of transvalvular
oppler velocity was performed over five to seven cycles and
veraged. Transvalvular flow rate was measured with an ultra-
onic flowmeter (Transonic probe 28A31; accuracy 1%) at the
evel of the ascending aorta. Valve EOAwas determined by the
tandard continuity equation using the stroke volume mea-
ured by ultrasound flowmeter and the velocity-time integral
y Doppler. The mock flow model does not allow measure-
ent of pre-valvular velocities by pulsed-wave Doppler. The
eproducibility of the Doppler measurement of EOA in this in
itro setting is excellent (mean difference between two consec-
tive measurements, 3%).
article image velocimetry measurements. Particle image
elocimetry is an optical method of measuring the flow
elocity field within a region of interest. A double-pulsed
ini–yttrium-aluminum-garnet laser (120 mJ, 15 Hz) (TSI
nc., Shoreview, Minnesota) was used to illuminate longi-
udinal cross sections of the jet distal to the valve. The
irculatory fluid was seeded with Amberlite particles. A
0-Hz coupled charge device camera (PIVCAM30, TSI Inc.)
as used to capture two consecutive images of the flow. The
mages were subdivided into small regions of interrogation. A
ross correlation between these two consecutive laser images
as performed, and the average displacement of the particles
ithin each region of interrogation was measured. Knowing
he time between the two images, the velocity field was then
Abbreviations and Acronyms
AS  aortic stenosis
EOA  effective orifice area
EOADop  EOA estimated by Doppler-
echocardiography
EOAPIV  EOA estimated by particle image
velocimetry
GOA  geometrical orifice area
LV  left ventricular
Q mean  mean flow rate during the systolic phase
Q max  peak flow rate during the systolic phase
St  Strouhal number
SV  stroke volume
T  left ventricular ejection time
V  velocity vectoromputed (11,12) (Fig. 1). tThe PIV measurements were performed at 13 time points
uring systole to allow for measurement of mean EOA. The
ime between two successive time points was 25 ms. As the
ature of flow was highly pulsatile during systole, important
emporal velocity gradients may exist. Hence, to obtain
igh-quality velocity profiles at the level of the vena con-
racta, it was necessary to adjust the time shift (t) between
he two laser pulses depending on the temporal position of
igure 1. Velocity field contours measured by particle image velocimetry
ownstream from the 1.5-cm2 rigid circular orifice at peak systole for a
troke volume of 20 ml (A) and 70 ml (B).he PIV measurement in the systolic phase. For this
p
fi
1
w
(
D
a
p
t
b
v
t
v
f
i
fl
(
t
P
(
n
fi
o
m
t
t
i
c
p
t
v
t
t
v
c
e
c
e

E
o
1
p
(
v
s
v
S
m
(
c
R
O
a
a
0
E
t
(
c
[
m
a
m
p
a
F
b
c
s
B
f
133JACC Vol. 47, No. 1, 2006 Kadem et al.
January 3, 2006:131–7 Flow Dependence of Effective Orifice Area in Aortic Stenosisurpose, the continuous-wave Doppler signal was analyzed
rst to determine the instantaneous velocity at each of the
3 PIV measurement times during systole (Fig. 2). The (t)
as then estimated with respect to the one-quarter rule
11,13) and applied to the PIV system.
etermination of the effective orifice area using the
coustical source term. In a recent article (14), we pro-
osed an original and accurate technique for determining
he EOA from PIV measurements. This technique was
ased on the acoustical source term computed from the
elocity field and was found to be superior to other conven-
ional methods for the determination of the diameter of
ena contracta and thus of the EOA.
Briefly, the flow disturbance and separation downstream
rom an aortic stenosis produce vortices within the flow, and
n turn, these vortices generate a sound that is caused by the
igure 2. Comparison between the effective orifice area (EOA) measured
y Doppler (EOADop) and the EOA measured by particle image velo-
imetry (EOAPIV). (A) Correlation between EOADop and EOAPIV. The
olid line is the regression line, and the dashed line is the identity line. (B)
land-Altman plots of the difference between EOADop and EOAPIV as a
unction of EOAPIV. SEE  standard error of estimate.ow vorticity (15). This concept of sound generated by flow ti.e., hydro-acoustics) is mainly based on the vortex sound
heory developed first by Lighthill (1952) (16) and then by
owell (1963) (17) and Howe (2002) (18). In this theory
Appendix) (19), the term ( ·   V ), where  is the
abla operator,  is the vorticity field, and V is the velocity
eld, is called the acoustical source term and is responsible
f the sound generated by unsteady fluid motion. This
ethod provides an accurate and simple way of separating
he jet-like zone from the recirculation zone at the level of
he vena contracta (14).
From the PIV measurements of the velocity field obtained
n the ascending aorta, the acoustical source term field was
omputed and plotted at the level of the vena contracta. The
osition of the vena contracta was defined as the section where
he velocity was maximal within the velocity field. Finally, the
ena contracta diameter was measured, at each time point, as
he distance between the two negative peaks of the acoustical
erm source, and the EOA was calculated assuming that the
ena contracta has a circular shape. The mean EOA was
alculated by averaging the instantaneous EOAs measured at
ach of the 13 time points during the systole, and it was then
ompared with the EOA estimated by Doppler. The inter-
xperiment variability of the EOA measurement by PIV is
4% in this in vitro experimental setting.
xperimental conditions. Three rigid sharp-edged circular
rifices with geometric orifice areas (GOAs) of 0.5, 1.0, and
.5 cm2 (thickness: 5 mm) and one Medtronic Mosaic bio-
rosthesis (size 25 mm) were tested under four stroke volumes
20, 30, 50, and 70 ml), with heart rate (70 beats/min) and left
entricular ejection time (300 ms) held constant. This corre-
ponded to an increase in mean transvalvular flow rate (stroke
olume/ejection time) from 67 ml/s up to 233 ml/s.
tatistical analysis. The agreement between the EOA
easured by Doppler (EOADop) and that measured by PIV
EOAPIV) was assessed by the Pearson correlation coeffi-
ient and the Bland-Altman method.
ESULTS
verall, there was excellent correlation (r2  0.94) and
greement between EOADop and EOAPIV (Fig. 2). The mean
bsolute and relative differences between the twomethods were
.003  0.103 cm2 and 7.6  8.5%, respectively.
Figure 3 shows the effect of changes in stroke volume on
OADop and EOAPIV for the different orifices and valve
ested in this study. In the case of the bioprosthetic valve
Fig. 3A), both EOADop and EOAPIV increased signifi-
antly (EOADop,0.59 cm
2 [62%]; EOAPIV,0.61 cm
2
63%]) when stroke volume was increased from 20 to 70
l. For this valve, it was impossible to measure the EOAPIV
t a stroke volume of 20 ml because of the sedimentation of
any Amberlite particles in the circulatory model. This
henomenon was attributable to the low flow conditions
nd resulted in a weak signal-to-noise ratio on PIV images.
In rigid orifices with a GOA of 0.5 cm2 and 1.0 cm2,here was no significant change in EOADop (0.5 cm
2,0.04
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Flow Dependence of Effective Orifice Area in Aortic Stenosis January 3, 2006:131–7m2 [10%]; 1.0 cm2, 0.03 cm2 [5%]) and EOAPIV
0.5 cm2,0.04 cm2 [10%]; 1.0 cm2,0.03 cm2 [5%]),
hen stroke volume was increased from 20 to 70 ml (Fig.
B). In contrast, the EOA measured by both methods
ncreased significantly with flow in the rigid orifice with a
eometric area of 1.5 cm2 (EOADop, 0.31 cm
2 [52%];
OAPIV, 0.33 cm
2 [54%]) (Fig. 3A).
We hypothesized that the flow-related changes in EOA,
hen they occur, might be attributable at least in part to the
redominance of unsteady effects at low flow rates. The
trouhal number (St) reflects the ratio of unsteady effects to
nertial effects and can be computed as proposed by Clark et
l. (20):
St 2.87
Qmax
Qmean
GOA3⁄2
SV
[1]
igure 3. Effect of the variation in stroke volume on the effective orifice
rea (EOA) measured by Doppler and the EOA measured by particle
mage velocimetry (PIV) for the bioprosthetic valve (A) and the 1.5-cm2
A), 1.0-cm2 (B), and 0.5-cm2 (B) rigid circular orifices.here Q max, Q mean, GOA, and SV are the peak flow fluring the systolic phase, the mean flow rate during the
ystolic phase, the geometric area of the orifice, and the
troke volume, respectively. It can be seen that the Strouhal
umber increases significantly from 0.13 (SV  70 ml;
mean  233 ml/s) to 0.54 (SV  20 ml; Q mean  67
l/s). Hence, at normal flow states (SV  70 ml), the flow
an be considered as quasi-steady because the Strouhal
umber is small, and at such a level of Strouhal number the
nsteady effects are negligible (19). However, at low flow
ates, the unsteady effects become more preponderant. As
llustrated in equation 2, it is possible to predict the
ontribution of the unsteady effects to the variation in EOA
ith flow rate:
EOAN
EOAL
 StLStN
n
[2]
here N and L refer to normal and low flow rates,
espectively.
When LV ejection time is constant, which is the case in
he present study, this equation can be simplified (Appen-
ix) under the form:
EOAN
EOAL
 SVNSVL
n
[3]
Hence, knowing the EOA at normal flow, it is possible to
redict the EOA at low flow using this equation:
EOALEOANSVLSVN
n
[4]
When using a coefficient of n  1/3.5, it was possible to
ccurately predict the actual changes in EOA that we
bserved in our 1.5-cm2 rigid circular orifice (Fig. 4A).
To further and independently validate this semi-
mpirical formula, we used the in vitro data obtained by
oelker et al. (21). In this study, the investigators examined
he effects of a change in transvalvular flow rate on EOA
easured by catheterization in rigid circular orifices of
ifferent sizes. The results showed that the flow-dependent
hange in EOA increases with GOA: 6%, 13%, 20%,
nd 24% for 0.5-, 1.0-, 1.5-, and 2.0-cm2 orifices,
espectively. Interestingly, these flow-related changes in
OA can be predicted using equation 4 with the same
oefficient n  1/3.5 as used in the present study (Fig. 4B).
However, when equation 4 is applied to the data obtained
ith the bioprosthetic valve (Fig. 4A), the predicted EOA
t low flow substantially overestimates the measured EOA
particularly for stroke volumes of 20 ml and 30 ml). This
nding suggests that in flexible orifices, only a part of the
ow dependence of EOA may be explained by the unsteady
ffects, and the remaining part is likely attributable to an
ncrease in valve leaflet opening occurring with increasing
ow rate.
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January 3, 2006:131–7 Flow Dependence of Effective Orifice Area in Aortic StenosisISCUSSION
he EOA is the minimal cross-sectional area of the
ransvalvular flow jet (i.e., the cross-sectional area of the
ena contracta) downstream of a native or prosthetic valve.
he EOA is the standard parameter for the assessment of
he severity of aortic valve stenosis, and it was initially
elieved to be a flow-independent parameter. However,
any studies have subsequently reported that EOA deter-
ined by Doppler or by catheterization may vary with
ncreasing flow rate in patients with aortic stenosis (22–35).
everal in vitro studies have also reported that EOA may
igure 4. Comparison of the effective orifice area (EOA) measured by
oppler (or by catheter for the data of Voelker et al. [21]) (circles) and the
OA predicted from equation 4 (squares) for the 1.5-cm2 rigid circular
rifice and the bioprosthetic valve tested in the present study (A), and for
igid circular orifices of 1.5 cm2 and 2.0 cm2 tested in vitro by Voelker et
l. (21) (only transvalvular flow rate was provided in their study) (B). The
orizontal doted line indicates the value of the EOA at the normal flow
ate. The area in sparse hatchings represents the part of the change in
OA that is likely attributable to the unsteady effects, and the area in right
atchings likely represents the part that is attributable to the change in the
eometric orifice area.ncrease with flow rate in both rigid and flexible (i.e., dioprosthetic valves) orifices (7,21,29,36,37). In native or
ioprosthetic valves, the flow dependence of EOA may be
xplained by the incomplete opening of the valve leaflets at
ow flow rates. However, this phenomenon cannot occur in
igid orifices, and the mechanism responsible for the flow-
ependence of EOA in such situations thus remains un-
nown.
Some investigators (6,7) have suggested that the flow
ependence of EOA in the case of the rigid orifices might
ossibly be caused by viscous effects causing lower velocities
ear the edges of the vena contracta at low flow rates,
esulting in a more parabolic or semi-parabolic flow profile.
owever, these studies were performed under steady flow
onditions and non-physiological geometries. Moreover,
he peak Reynolds number, which reflects the ratio of
nertial to viscous forces, remains relatively high even at low
ow states. For example, in the 1.5-cm2 orifice tested in the
resent study, the peak Reynolds number was 1,832 at the
inimal stroke volume of 20 ml (mean flow rate, 67 ml/s),
nd in the clinical situation it is extremely rare to see
atients with a flow rate lower than 60 to 70 ml/s. At such
Reynolds number, the viscous forces are small compared
ith the inertial forces, and they can thus hardly explain the
agnitude of the variation of EOA observed in this study as
ell as in previous studies (7,21) in the rigid orifices.
Our hypothesis in this study was that the flow-related
hanges in EOA observed in rigid orifices are likely attrib-
table to the predominance of unsteady effects at low flow
ates, and it is corroborated by our results as well as those
reviously published by Voelker et al. (21) (Fig. 4). Indeed,
he correlation between the EOAs predicted by equation 4
nd the measured EOAs in the rigid orifices is EOAPredicted
0.01 0.99 EOAMeasured; r
2 0.91; standard error of
stimate (SEE)  0.04 cm2. The concept inherent to these
esults is best illustrated in Figure 1, whereby at normal flow
Fig. 1A), the kinetic energy (proportional to the velocity
quared) of the fluid crossing the orifice is sufficient to break
own the vortex structures that are generated downstream
rom the stenosis and thus enable the formation of a large
nd well-established flow jet, whereas at low flow rates (Fig.
B), the reduction in kinetic energy predisposes to the
ormation of vortices, which tend to squeeze the flow jet and
hus the vena contracta, resulting in a smaller EOA. It
hould be emphasized that this phenomenon is much less
ronounced in orifices of smaller size, likely because in these
onditions the kinetic energy is still high enough to break
own the vortex structures and thus to maintain a relatively
onstant jet size.
One of the main limitations of previous studies that
xamined the hemodynamic performance of prosthetic
alves or simulated native aortic valves is that the PIV
easurements of EOAs were performed either under steady
ow conditions or at only one time point during the ejection
generally at peak ejection) when pulsatile flow conditions
ere used (6,7,38,39). To this effect, it has been well
emonstrated that the EOA may vary significantly with
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Flow Dependence of Effective Orifice Area in Aortic Stenosis January 3, 2006:131–7ow rate during ventricular ejection in patients with aortic
tenosis (40–42). Therefore, the EOA obtained at peak
ystole is not necessarily equal to the mean EOA, and the
omparison of EOADop (mean EOA) with EOAPIV (in-
tantaneous EOA at peak systole) is not necessarily relevant.
ne of the major strengths of this study was that the
xperiments were performed in pulsatile flow conditions.
oreover, the EOA was measured at several time points
uring systole using PIV, which is considered the gold
tandard method for measuring the velocity field in exper-
mental fluid mechanics (11,39,43,44) and the ideal refer-
nce method for in vitro measurement of valve EOA
7,38,39). Therefore, we were able to “compare apples with
pples,” i.e., the mean EOA by PIV during pulsatile flow
onditions with the mean EOA by Doppler during the same
ulsatile flow conditions.
linical implications. The major implication of this study
s that changes in valve area calculated with the Doppler
ontinuity equation are not artifacts but represent real
hanges in EOA. Given the results in the rigid orifices, the
esults also confirm that for a given GOA, the EOA may
ary considerably (more than 50%) with flow, and that the
OA measured by transthoracic or transesophageal echo-
ardiography therefore has limited value to predict the
emodynamic burden caused by a stenotic valve orifice.
oreover, GOA measurements are usually performed at
eak systole, whereas it is well known that both GOA and
OA may vary quite considerably during the cardiac cycle
40,42). For these reasons, the average EOA by Doppler
ould definitely seem to be preferable to the instantaneous
OA for characterizing the hemodynamic burden imposed
y stenosis on the ventricle.
As outlined, our results also suggest that there are two
ain mechanisms responsible for the EOA increase ob-
erved during dobutamine infusion: 1) an increase in leaflet
pening and thus in GOA with increasing flow rate, and 2)
he predominance of unsteady effects at low flow rates.
herefore, it becomes evident that the observation of an
OA augmentation during dobutamine perfusion should
ot necessarily be equated with a flexible valve, because it
ould also be caused by a change in the ratio between the
nsteady effects and the inertial forces such as might occur
t low flow states. This observation may explain some of the
iscrepancies reported in previous studies (45,46) in which
he EOA measured by Doppler or catheterization was
ound to increase during dobutamine stimulation, whereas
he GOA measured by transesophageal echocardiography
emained unchanged. Hence, a rigid valve might nonethe-
ess show an increase in EOA during dobutamine and be
istakenly interpreted as being a flexible valve.
Also noteworthy is the fact that for the 1.5- and 2.0-cm2
GOA) orifices tested in this study or in the study of
oelker al. (21), the EOAs were 1.0 cm2 at low flow rates
nd would have thus been considered an indicator of severe
tenosis on the basis of the American College of Cardiology/
merican Heart Association (ACC/AHA) guidelines,hereas at normal flow rates, the EOAs were close to 1.0
m2 or higher and would have then been classified as
oderate AS.
Further studies will evidently be necessary to resolve
any of these issues, but they can at least be undertaken
ith the knowledge that the Doppler EOA is a valid
emodynamic measurement, whereas the GOA has many
nherent limitations, particularly during low flow states. In
his context, it would also seem appropriate to attempt to
ormalize cardiac output with dobutamine before interpret-
ng results for EOA. Indeed, the ACC/AHA guidelines
ere established based on observations in patients with
ormal flow rates, and given the present results, EOA values
btained in the context of a low cardiac output should
ndoubtedly be interpreted with caution.
tudy limitations. The GOA could not be measured in the
ase of the bioprosthetic valve. Therefore, it was not
ossible to confirm the exact proportion of the flow-induced
ugmentation of EOA that was actually related to an
ncrease in valve leaflet opening.
To calculate the EOA by PIV, we assumed that the cross
ection of the vena contracta had a circular shape. This
ssumption is valid for circular orifices as well as biopros-
hetic valves (47), but may not be applied in rigid orifices
ith a more complex shape. Additional studies will there-
ore be necessary to examine the behavior of EOA in such
rifices and in particular to determine whether equation 4
nd the value of the coefficient n included in this equation
an be generalized to other types and sizes of valvular
rifices. The measurement of EOA in such circumstances
ould require the use of a tri-dimensional PIV system.
ONCLUSIONS
sing the PIV method as a reference, the present study
hows that Doppler-derived EOAs provide accurate esti-
ates of actual EOAs over a wide range of valve size,
unction, and flow rates. In particular, the changes in EOA
bserved with increasing flow during dobutamine perfusion
eem to be real and not caused by artifact, and can thus be
elied on for making clinical judgments.
eprint requests and correspondence: Dr. Philippe Pibarot,
aval Hospital, 2725 Chemin Sainte-Foy, Sainte-Foy, Quebec,
anada, G1V-4G5. E-mail: philippe.pibarot@med.ulaval.ca.
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PPENDIX
or the introduction to vortex sound theory and a general
heoretical form for the equation of prediction of the EOAvalvular aortic stenosis. Am J Cardiol 1992;70:1175–9. at low flow, please see the online version of this article.
